Asparagine accounted for 50 to 70% of the nitrogen carried in translocatory channels serving fruit and seed of white lupin (Lupinus albus L. In many legumes asparagine is the major assimilation product of nitrogen fixation and nitrate reduction, the main nitrogenous compound exported from root to shoot in the xylem, and an important constituent of the soluble pool of nitrogen accumulating in vegetative structures during preflowering stages of the growth cycle (11). In certain genera (e.g. Lupinus and Spartium) asparagine is also the dominant nitrogenous constituent of phloem sap collected from fruits (12, 13) , suggesting that it is the primary nitrogen source for protein synthesis in seeds. In this study the economy of asparagine is examined during seed development of the annual white lupin (Lupinus albus L.). The pattern of delivery of the compound to the seed is related to its deamidation by an asparaginase, and its metabolic fate followed in double labeling experiments using "4C and "IN. 
mated rates of asparagine utilization in vivo. Asparaginase activity per seed increased 10-fold in the period 5 to 7 weeks after anthesis, coinciding with early stages of storage protein synthesis in the cotyledons. Double labeled ('4C (U), 15N (amide)) asparagine was fed to fruiting shoots through the transpiration stream. Fruit phloem sap analysis indicated that virtually all of the label was translocated to seeds in the form of asparagine. In young seeds "IN from asparagine breakdown was traced to the ammonia, glutamine, and alanine of endospermic fluid, the 14C appearing mainly in nonamino compounds.
In the cotyledon-filling stage the C and N of asparagine was contributed to a variety of amino acid residues of protein.
In many legumes asparagine is the major assimilation product of nitrogen fixation and nitrate reduction, the main nitrogenous compound exported from root to shoot in the xylem, and an important constituent of the soluble pool of nitrogen accumulating in vegetative structures during preflowering stages of the growth cycle (11) . In certain genera (e.g. Lupinus and Spartium) asparagine is also the dominant nitrogenous constituent of phloem sap collected from fruits (12, 13) , suggesting that it is the primary nitrogen source for protein synthesis in seeds. In this study the economy of asparagine is examined during seed development of the annual white lupin (Lupinus albus L.). The pattern of delivery of the compound to the seed is related to its deamidation by an asparaginase, and its metabolic fate followed in double labeling experiments using "4C and "IN. Collection of Phloem Sap, Xylem Sap, and Endospermic Fluid. Phloem sap from the stylar tip of fruits was collected as described previously (12) . Tracheal Studies Using Labeled Asparagine. Feeding of "IC (U)-and "IN (amide)asparagine to cut fruiting shoots was carried out as described previously (13) . In a 6-hr feeding period, each shoot took up through its transpiration stream 30 mg of the labeled substrate (10 ,uCi "4C, 96 atom %c excess amide 1"N). This was followed by a "chase" of unlabeled xylem sap. Phloem sap and seeds were harvested at intervals after feeding. Endospermic fluid was collected, if present, and the remainder of the seeds were fractionated into alcohol-soluble and -insoluble components.
Isotopic Analyses. Labeling of individual amino compounds in phloem sap, in endospermic fluid or in 6 N HCI hydrolysates of ethyl alcohol-insoluble fractions of seeds was studied following chromatographic separation on the amino acid analyzer. The analyzer was operated in a "physiological fluids" mode, using low temperatures and lithium buffers to achieve separation and recovery of amides. Isotopic analysis of the column effluent was by scintillation (14C) or optical emission spectrometry (15N) (7) . "4C activity of insoluble seed materials was measured by scintillation spectrometry following solubilization in Hyamine lOx Hydroxide (NCS, Amersham-Searle).
Preparation of Cell-free Extracts. Samples of freshly harvested whole seeds, excised embryos, seed coats, or endosperm were ground in a chilled mortar and pestle with 2 volumes of 0.1 M phosphate buffer (pH 7.5 at 3 C) containing 5 mm dithiothreitol and 1 mm Na2-EDTA. The homogenate was passed through cheesecloth, centrifuged for 30 min at 15,000g (2-3 C) , and the supernatant was collected.
In preparation for asparaginase assay, supernatants were 807 7 ,umoles of aspartate formed/hr.g fresh weight embryo and 10.3 mm asparagine, respectively. The loss of 14C from asparagine was quantitatively recovered as 14C of aspartate. As a check assay the ammonia produced from asparagine was recovered by Conway microdiffusion analysis. The Vrnax and apparent KmASfl values at 30 C for this assay were 6.9 umoles of NH3 formed/hr. g fresh weight embryo and 11.9 mM asparagine, respectively.
Glutamate dehydrogenase (EC 1.4.1.3) and glutamate synthase (EC 2.6.1 .53) were assayed by the rate of NH3-dependent, or amide-dependent, pyridine nucleotide oxidation, respectively. The reaction mixtures contained 15 ,moles of a-ketoglutarate, 0.2 ,umole of NADH or NADPH, 250 ,umoles of potassium phosphate (pH 7.6), and 0.4 ml of enzyme extract in a final volume of 3.5 ml. The reaction was started with 100 ,umoles of NH4Cl or 15 ,moles of amide (glutamine or asparagine) and measured at 340 nm and 30 C.
Glutamine synthetase (EC 6.3.1.2) was assayed by the formation of glutamyl hydroxamate (10) .
Determination of Amide Residues in Seed Protein. Total amide in the ethyl alcohol-insoluble fraction of seeds was determined by steam distillation of the NH3 produced by hydrolysis with 2 N HCI at 100 C for 2 hr in vacuo (4) . Asparagine residues in seed protein were assayed following enzymic hydrolysis. The protein of defatted seed meal was solubilized in 8 M urea, reduced, and carboxymethylated (9) . This was sequentially incubated, with pronase (Sigma) and a mixture of prolidase and leucine aminopeptidase (Miles Seravac) (3). Hydrolysis products were collected by dialysis, and the asparagine was estimated with the amino acid analyzer. Negligible ammonia was recovered from enzymic hydrolysates suggesting that there was little deamidation of the amides.
RESULTS AND DISCUSSION
Intake and Utilization of Asparagine during Seed Development. The time course of dry matter accumulation and formation of specific reserves in the seeds of white lupin is illustrated in Figure IA. Pools of sugar and amino acids are established early (2-6 weeks after anthesis) followed by a period when polysaccharide, protein, oil, and wall reserves are laid down.
The relative composition of phloem sap over the period 1 to 11 weeks after anthesis (Fig. iB) is constant; amides, especially asparagine, are important mobile forms of nitrogen for the fruit. Phloem sap of lupin contains 12 to 16 times more nitrogen than xylem sap (13) , and since the transpiration rate of fruits is low the xylem is considered to be of little importance in providing the fruit and seeds with nitrogen. Also the xylem contains virtually no sugar while the phloem sap carries a bulk source of carbohydrate (sucrose) to the seed (12) . The amino acids of fruit phloem sap become labeled after "IN03-or "4C-amino acids have been fed to cut shoots through the transpiration stream and this suggests that xylem to phloem transfer is an important element in fruit nutrition. The labeling of sucrose and amino acids in phloem sap after "'CO2 feeding of catchment leaves demonstrates a concomitant contribution of photosynthate to this translocation stream (12) . The analyses of Figure lB refer to phloem sap from distal tips of fruits. This does not differ significantly in composition from the phloem sap which can be collected in situ from the cut stalks of seeds (P. J. Sharkey, unpublished data).
Asparagine regularly accounts for 40 to 50c% of the input of amino acids to fruits and seeds through phloem (Fig. 1B) the protein ultimately formed in the cotyledons incorporates aspartyl groups only to the extent of 8 to 12% of its amino acid residues (Fig. 1C) . Enzymic hydrolysates of reserve protein demonstrate that 84% of these aspartyl residues can be accounted for as asparagine. Table I shows a balance sheet for asparagine over the life of the seed. Intake of the compound (column 3, Table I ) is calculated as the product of nitrogen increments over specific intervals in the seed's life (column 2) and the proportion of nitrogen currently moving into the seed as asparagine via the phloem. Asparagine is utilized in an unmetabolized form in the seed either by entering the soluble nitrogen pool (column 4, Table I ), or by incorporation into protein (column 5). Early in seed growth, when liquid endosperm is accumulating, storage of free aspara-, gine is a major item in the balance sheet. Later, this pool of asparagine disappears (negative values, column 4), and demands from protein synthesis establish an increasingly large sink for the compound. Nevertheless, these two forms of direct incorporation of the molecule consume only relatively minor fractions of the incoming asparagine; the remainder (44-88% of the total input, see column 6, Table I ) must represent metabolized asparagine, the carbon and nitrogen of which is used for other purposes within the seed.
Asparaginase and Other Enzymes of Developing Seeds. Asparaginase activity can be detected in crude extracts of seeds throughout their growth. Most activity is recovered from the embryo, some transiently in liquid endosperm, but only traces from the seed coat. Rates in the embryo are within the range 1.6 to 5 ,moles aspartate formed/hr.g fresh weight, measured at the apparent KMAsn value of 10 mm. While this concentration is high, the phloem stream to the seed contains around 30 mm asparagine. The relationship between embryo growth and its asparaginase activity (Fig. 2) shows that there is a 10-fold increase in activity of the enzyme in the period 5 to 7 weeks after anthesis and that a plateau in activity is reached before the embryo exhibits its fastest rate of growth and deposition of protein. Figure 2 shows that in vitro asparaginase activity of the embryo always exceeds the estimated in vivo rate of metabolism of the amide.
Significant activities of glutamate dehydrogenase (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) Amoles/g fresh weight seed.hr with NADH or NADPH) and glutamine synthetase (3-12 ,umoles/g fresh weight seed .hr)
were found in crude extracts of developing lupin seeds-sufficient In the standard procedure '4C (U)-and "IN (amide)asparagine was dissolved in unlabeled tracheal (xylem) sap previously collected from lupin stems; administering this solution through the cut end of illuminated, transpiring, shoots. After uptake of the label a "chase" of unlabeled xylem sap was given until the time of harvest. Phloem sap analyses (Table II) showed that 92% of the "IN and 93% of the 14C entered the fruit as asparagine. The only significant transfer of "IN was to glutamine (4.4% of the phloem "-N), and of 'IC to non-amino compounds. Because of the negligible breakdown of the amide in transit to the seed and the relatively high efficiency of transfer (35%) to fruits, the technique was regarded as being more satisfactory than those using less intact systems.
Metabolism of 14C (U)-, "5N(amide)Asparagine in Endosperm Stage of Seed Development. Liquid accumulates in the endosperm of lupin seeds early in development, reaching a maximum of about 6 MI/seed 2 weeks after anthesis (Fig. 3A) . The endosperm does not become fully cellular and its liquid contents disappear as the embryo encroaches on the endospermic cavity. Endospermic fluid is acidic (pH 4.4), contains free ammonium at relatively high concentration (20-70 mm, Fig. 3A) , and sugars, organic acids, and amino acids are its major organic solutes.
Alanine is the most abundant nitrogenous solute, followed by ammonia and serine (Fig. 3B) . Compared with phloem (Fig. 1B) amides are minor constituents and glutamine exceeds asparagine. glutamine and alanine (Fig. 4A )-all major compounds of this compartment (Fig. 3B) . The ammonia pool might well be the precursor for the nitrogen of these solutes. Some unmetabolized asparagine accumulates in the endosperm, but apart from this, most of the carbon label was recovered in non-amino compounds (Fig. 4B) . Glutamine, alanine, and serine are much less heavily labeled with 14C than with '5N suggesting that their synthesis consumes the amide group of asparagine but relatively little of its carbon. Other amino acids ('y-amino butyric acid, histidine, and arginine) utilize the 15N but not thc '4C of asparagine, providing further evidence of independent metabolism of the nitrogen and carbon of this amide.
Metabolism of '4C (U)-, '5N (amide)asparagine in Cotyledonfilling Stage of Seed Development. Labeled amide was fed to shoots at a stage (7-8 weeks after anthesis) when seeds of their fruits were most active in accumulating protein. The substrate was applied as in the previous study, but only one harvest of seeds was taken 24 hr after the onset of labeling.
Percentage distribution of '4C and '5N among protein amino acids is shown in Table IV . The '5N labeling was heaviest in the amide groups of protein, although it was not possible to distinguish between those of asparagine and glutamine. The widespread distribution of the remaining '1N among 13 other protein amino acids indicates extensive utilization of the amide nitrogen for de novo synthesis of amino acids in the seed. Since 'most of the asparaginase activity of seeds at this stage is located in the embryo, a synthetic system close to the site of protein deposition in the cotyledons seems likely.
The high recovery of 15N in arginine deserves comment. This amino acid is not detectable in the phloem sap supplying the seed and yet is a major amino acid of the storage protein. This is also true for leucine, glycine, lysine, and alanine-amino acids more common in protein than in phloem. (cf. Fig. 1, B and C) . The 14C pattern of labeling of protein (Table IV, column 3) is different from that of '1N. The aspartyl residues accumulate most label, and in view of the heavy incorporation of '5N into amide groups, much of the 14C is likely to be in asparagine residues. Lysine, arginine, and glutamyl residues receive significant amounts of 14C, and nine other amino acids are labeled to a lesser extent. A significant amount of 14C is recovered in nonamino compounds implying that some of the aspartic acid produced from asparagine is transaminated and that the resulting keto acid provides carbon for synthesis of insoluble, non-protein components.
CONCLUSIONS
The translocation stream carries asparagine to seeds of white lupin in amounts greatly in excess of the seeds' requirements for the amide as a soluble reserve or as a building block for protein.
An asparaginase may be responsible for deamidation of the excess asparagine, activity of the enzyme in crude extracts of seeds more than accounting for observed rates of asparagine utilization. Studies using labeled asparagine confirm that it is metabolized extensively on entering the seed. The amide nitrogen of the molecule is used as a general amino donor for formation of endosperm solutes, and, later, for synthesis of protein amino acids in cotyledons, especially those amino acids not arriving in sufficient quantity in the translocation stream to the fruit. The carbon of asparagine is donated to protein but principally to the non-amino compounds of the soluble and insoluble components of the seed.
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